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fast as those found in the hindbrain
only occurred after 35 hpf
(Figure 1e). In the hindbrain and
the midbrain tegmentum,
medio-laterally oriented spinning
axes (that is, rotations in the
observation plane) were
predominant, whereas in the optic
tectum, most nuclei did not spin
around a medio-lateral axis — a
difference that might be related to
the different orientation of the
neuroepithelium in that part of the
brain. Because it is less accessible,
the forebrain was not investigated.
Interestingly, the neuroretina,
although it originates from the brain
neuroepithelium, did not have
spinning nuclei at any stage of its
development. 
A more extensive survey of the
distribution and direction of nuclear
rotations occurring in the
observation plane was carried out in
a well-defined compartment of the
hindbrain, rhombomere 5, the limits
of which can be fairly well discerned
in the living embryo. Both clockwise
and anticlockwise rotations were
found throughout the rhombomere,
with a somewhat reduced frequency
anteriorly, both on the left and the
right side of the rhombomere
(Figure 1g).
In the hindbrain or midbrain of
the day-2 embryo, only a small
minority of the cells of the
neuroepithelium have already
differentiated into neurons [1].
Although the larger, easily
recognizable nuclei of these young
neurons occasionally undergo partial
or even complete rotations during a
1 hour recording session, this is by
no means comparable to the high
spin rates displayed by
undifferentiated cells of the
neuroepithelium.
Only one report, by Pomerat in
1953 [2], concerning tissue cultures
of adult human nasal mucosa,
documented nuclei spinning at rates
comparable to, although lower than,
those reported here in the zebrafish
embryo. Some later papers reported
nuclear rotations in tissue cultures of
neurons and in some cell lines, but at
much lower rates (up to one rotation
per hour, at most) [3–7].
The very high spinning rates
found here in the zebrafish embryo
occur only in the still
undifferentiated brain
neuroepithelium, and in a well
defined developmental
sequence — first in the hindbrain
and subsequently in the midbrain.
This observation raises at least three
lines of questioning: how are the
spinning nuclei anchored to the
surrounding cell structures; what is
the motive force that can make
them spin so fast; and what is the
possible functional significance of
this phenomenon for the
neuroepithelial cells involved?
Supplementary material
Supplementary material including time-lapse
video recordings of the spinning nuclei shown in
Figure 1 is available at http://current-
biology.com/supmat/supmatin.htm.
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Several groups [1,2] have recently
reported the use of variants of green
fluorescent protein (GFP) as a visual
reporter of intracellular pH in living
cells, and in principle such
techniques could also report spatial
variations of pH in real time using a
fluorescence microscope. It has been
demonstrated that the chromophore
of GFP, which is derived by
autocatalytic cyclization and
oxidation of the primary sequence -
Ser(Thr)65-Tyr66-Gly67-, can be
titrated at the Tyr66 phenolate
oxygen [3], and that the ionization
constant, pKa, of this group depends
on the surrounding environment. We
have constructed variants with pKa
values ranging from 6–8, so that pH
in the range of 5–9 can be reliably
reported in the cell [4].
Recently, we discovered that an
engineered variant of GFP, yellow
fluorescent protein (YFP), which
contains the substitution
Thr203 → Tyr, plus additional
mutations to improve brightness in
living cells (S65G/V68L/S72A in the
single-letter amino-acid notation) [5],
has a pKa which is dependent on the
concentration of halide or nitrate
ions, and hence, both the absorption
and emission spectra vary. The
ionization constant does not depend
on the concentration of metal cations
or other anions, such as mono- and
dibasic phosphate, sulfate, carbonate,
acetate, gluconate, or formate. We
have constructed variants on the YFP
background in which the pKa of the
chromophore ranges from 5.2–7.0
(YFP), 6.7–7.7 (YFP-H148Q) and
7.5–8.2 (YFP-H148G), over a
chloride concentration range of
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0–400 mM (Figure 1a). Other
variants, such as the popular S65T
variant [6], are not sensitive to halide
ion concentration (Figure 1a). The
effect depends on the halide ion
chosen, with the highest pKa values
for a given GFP variant seen for
fluoride, whereas chloride, bromide
and iodide are more similar in
behavior (Figure 1b). Presumably, a
halide (or nitrate) ion binds near the
chromophore, electrostatically
inhibiting the development of
negative charge upon deprotonation
and thus raising its pKa. As the
protonated form of the chromophore
does not fluoresce in these variants
[4], fluorescence intensity can
change dramatically as the halide (or
nitrate) concentration changes. For
example, YFP fluorescence
decreases by 40% at pH 7.0
(Figure 1c), and by 60% at pH 6.4
(data not shown) when increasing
chloride from 0 to 150 mM.
These YFPs raise the interesting
possibility that chloride ion
concentration in live cells could be
reported, either from the cytoplasm
or from subcellular organelles.
Furthermore, under the fluorescence
microscope, changes or gradients in
chloride ion concentration could, in
principle, be reported in real time
and resolved spatially. Such reporters
might be useful in the study of
chloride channels such as the cystic
fibrosis transmembrane conductance
regulator (CFTR), which can be
heterologously expressed in cell
culture [7], or chloride pumps or
other voltage-gated chloride
channels. The issue is complicated
by the fact that the pH of the
compartment must be known, but
this could be determined by some
other means, for example with
indicator dyes, or by using chloride-
insensitive GFPs (Y66H blue
fluorescent protein) as a pH indicator
as has been suggested [8]. As nitrate
and chloride exhibit similar effects
(Figure 1c), nitrate concentration
must be kept below 10 mM
throughout the experiment. The
chloride-sensitive YFPs span a large
range of pH and ionic strength
relevant to physiological conditions,
so an appropriate variant can be
chosen for the task at hand. A
detailed analysis considering the
multiple binding equilibria in these
systems will be reported elsewhere.
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Figure 1
(a) Chloride titration of the YFPs and S65T.
The chromophore pKa was estimated from
absorbance scans of YFP H148G (black),
YFP H148Q (blue), YFP (red) and GFP S65T
(green) at varying NaCl concentrations. Small
aliquots of concentrated protein were diluted
25-fold into either 20 mM MES pH 6.4 (S65T,
YFP, and YFP H148Q), or 20 mM MOPS
pH 7.5 (YFP H148G), and absorbance scans
were collected at room temperature between
250 and 600 nm with a Shimadzu 2101
spectrophotometer. The optical density of the
chromophore anion (at 512–515 nm for the
YFPs and 489 nm for GFP S65T) at the
buffer pH, as well as the optical density at
pH 9 in the absence of halides, were used in
the Henderson–Hasselbalch equation to
estimate the chromophore pKa at each
chloride concentration. YFP and GFP S65T
clones were kindly provided by Roger Y. Tsien
(University of California, San Diego). YFP
variants were prepared using the PCR-based
QuikChange™ Site-Directed Mutagenesis Kit
(Stratagene) with YFP as a template [5].
Mutations were verified by sequencing the
entire gene, and all GFP variants were
expressed and purified as described in [5].
(b) Titration of YFP with the halides. The
chromophore pKa was determined as above
from absorbance scans at varying
concentrations of fluoride (black), iodide
(green), chloride (red), and bromide (blue).
Each pKa was determined in triplicate under
at least two different pH conditions (20 mM
malic acid pH 5.8 or 6.1, 20 mM MES pH 6.4
or 20 mM HEPES pH 7.1). The lines are for
visualization purposes only. The effect is fully
reversible for all halides. (c) Normalized
fluorescence emission of YFP as a function of
anion concentration: potassium acetate
(black), formate (green), chloride (red), nitrate
(blue). Data were collected on 0.05 mg/ml
YFP in 20 mM PIPES pH 7.0 and constant
ionic strength (150 mM combined
concentration of the monoanion assayed and
potassium gluconate). Gluconate alone gave
no change in YFP fluorescence (data not
shown). Fluorescence was measured on a
Hitachi F4500 spectrophotometer at room
temperature (λex = 514 nm, λem = 528 nm),
and normalized with respect to the average
fluorescence at 150 mM gluconate.
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